Cancer cachexia is the progressive loss of skeletal muscle mass and adipose tissue, negative nitrogen balance, anorexia, fatigue, inflammation, and activation of lipolysis and proteolysis systems. Cancer patients with cachexia benefit less from anti-neoplastic therapies and show increased mortality 1 . Several animal models have been established in order to investigate the molecular causes responsible for body and muscle wasting as a result of tumor growth. Here, we describe methodologies pertaining to a well-characterized model of cancer cachexia: mice bearing the C26 carcinoma [2] [3] [4] . Although this model is heavily used in cachexia research, different approaches make reproducibility a potential issue. The growth of the C26 tumor causes a marked and progressive loss of body and skeletal muscle mass, accompanied by reduced muscle crosssectional area and muscle strength [3] [4] [5] . Adipose tissue is also lost. Wasting is coincident with elevated circulating levels of pro-inflammatory cytokines, particularly Interleukin-6 (IL-6) 3 , which is directly, although not entirely, responsible for C26 cachexia. It is well-accepted that a primary mechanism by which the C26 tumor induces muscle tissue depletion is the activation of skeletal muscle proteolytic systems. Thus, expression of muscle-specific ubiquitin ligases, such as atrogin-1/MAFbx and MuRF-1, represent an accepted method for the evaluation of the ongoing muscle catabolism 2 . Here, we present how to execute this model in a reproducible manner and how to excise several tissues and organs (the liver, spleen, and heart), as well as fat and skeletal muscles (the gastrocnemius, tibialis anterior, and quadriceps). We also provide useful protocols that describe how to perform muscle freezing, sectioning, and fiber size quantification.
Introduction
Muscle wasting is a serious complication of various clinical conditions such as cancer, sepsis, liver, cirrhosis, heart and kidney failure, chronic obstructive pulmonary disease, and AIDS. In particular, muscle wasting is evident in at least 50% of patients with cancer 1 . Loss of skeletal muscle in cancer results from increased protein degradation due to the over-activation of the skeletal muscle proteolytic systems and/or from decreased protein synthesis 6 . Lipolysis is also evident, leading to the depletion of adipose tissue. Clinically, cachexia is associated with reduced quality and length of life and is estimated to be the cause of death in 20 -30% of cancer patients 7 . Use of experimental models that resemble the human disease as closely as possible would be beneficial. An optimal animal model is characterized by high reproducibility, as well as by limited interference from different therapies and the unpredictable factors of diet, sex, and genetic background that are usually associated with the clinical condition 8 . So far, cancer cachexia has been studied mainly in animal models characterized by transplantation of cancer cells or injection of carcinogens, although a new method is to use genetically modified mice susceptible to the development of cancer.
Mice bearing the C26 carcinoma (also referred to as colon-26 and adenocarcinoma) represent a well-characterized and extensively used model of cancer cachexia 2, 5 . The growth of the C26 tumor results in body and muscle weight loss, mainly through enhanced fat and protein catabolism 9 . Generally, a 10% tumor weight versus total body weight is associated with a reduction of 20-25% in skeletal muscle weight and a greater depletion of fat 3, 10 . Hepatomegaly and splenomegaly are also observed with tumor growth, along with the activation of the acute phase response and the elevation of pro-inflammatory cytokine levels 3, 11 . Among these, it is well known that IL-6 plays a pivotal role in mediating muscle wasting in the C26 model, even though this cytokine is probably not the only inducer of cachexia 12 . Elevated IL-6 causes muscle atrophy through activation of the JAK/STAT3 pathway, and inhibiting this transcription factor can prevent muscle wasting 3, 4 .
During C26-induced muscle wasting, as in many conditions of muscle atrophy, muscle mass is lost largely through reductions in muscle protein content across muscle fibers, not through cell death or loss of fibers 13 . In C26 cachexia, a shift towards smaller cross-sectional areas is observed in both glycolytic and oxidative fibers 2 . This is also consistent with reduced muscle strength 5 . Many groups worldwide have taken advantage of4. Identify the gastrocnemius muscle on the posterior lower limb by its origin at the lateral and medial condyles on the posterior femur and its insertion at the calcaneus via the calcaneal tendon. 1. Proceed to cut the gastrocnemius calcaneal tendon. Grasp the distal end of the gastrocnemius with Dumont forceps and pull the muscle belly toward its origin. Using scissors, cut the muscle at the origin as close as possible to the femur. Place the muscle in a dish. Weigh it immediately and freeze it in a tube in liquid nitrogen. NOTE: Be sure not to excise the soleus muscle along with the gastrocnemius. If that occurs, carefully remove soleus by gently pulling it off with the forceps.
5. Proceed to identify and excise the tibialis anterior muscle from its origin at the anterolateral surface of the tibia and its insertion at the medial cuneiform via its distal tendon. 1. In order to have leverage, hold the foot by grasping the digits with the index finger and thumb. Insert the tip of Dumont forceps immediately under the superficial distal tendon of the tibialis and move the forceps such that the blunt side can be used to detach the tibialis muscle belly from the underlying connective tissue. 2. Cut the distal tendon using the fine curved scissors, and then cut the muscle at the origin, as close as possible to the tibia. 6 . Open the abdominal cavity by performing a sagittal incision starting in the hypogastric region and moving superiorly to the epigastric region, stopping the incision just above the diaphragm. NOTE: The depth of the incision should only be enough to breach the abdominal muscle wall and the underlying peritoneal fascia. 7. Carefully remove the liver by grasping it with the blunt-tipped forceps, and use the fine curved scissors to dissect away any blood vessels or connective tissue that adhere the liver to the cavity. Take care not to leave any lobes behind. Weigh and snap freeze the liver in a tube in liquid nitrogen. 8. Using the blunt-tipped forceps, move away the intestine, and then expose and delicately remove the spleen. Grasp the spleen gently with the blunt-tipped forceps and use the back or blunt side of the fine curved scissors to dissect away any connective tissue or blood vessels adhering the spleen to the cavity. Weigh and snap freeze it in a tube in liquid nitrogen. 9. Identify the gonadal fat pads, adjacent to the epididymis (in males) or uterus (in females). Gently grasp the epididymal fat pad with the blunttipped forceps and pull the tissue out of the cavity. Using the fine curved scissors, cut away any gonadal tissue that may be attached to the fat pad. Weigh the fat pad and snap freeze it in a tube in liquid nitrogen. NOTE: Generally, this adipose tissue is considered representative of the overall body fat mass in mice and declines in weight with cachexia.
Other fat pads can be similarly identified, dissected, removed, and weighed. 10. Use the curved fine scissors to open the chest of the animal. Cut away the ribs attached to both lateral borders of the sternum. Remove the sternum. Using two pairs of forceps, grasp each side of the rib cage and pull each side laterally to open the thoracic cavity. 11. Delicately pull the heart with the forceps. Carefully excise the heart with the curved fine scissors by severing the aorta at the left atrium. Make sure to empty the organ of any residual blood by delicately blotting it against some absorbent paper. Weigh and snap freeze it in a tube in liquid nitrogen.
Muscle Freezing and Mounting
1. Immerse the bottom half of a small plastic beaker (50 ml) containing isopentane into liquid nitrogen. The isopentane is ready to use when it becomes slightly viscous and forms a solid white laminate lining the inside of the beaker (temperature: -160 °C). NOTE: Always use nonsparking bronze or aluminum hand tools. Avoid breathing product vapor. Use with adequate ventilation. If dealing with a spill and ventilation is impossible or impractical, wear a suitable respirator. 2. Freeze some embedding medium on a chuck (cork) by dipping it briefly (10 sec) into isopentane. 3. Handle the muscle (e.g., the tibialis or gastrocnemius) by holding it by the tendon, vertically relative to the cork, in order to maintain the orientation of the fibers and to allow for cross sections. 4. Carefully position the end portion of the fresh muscle on top of the frozen embedding medium. NOTE: The muscle will stick. It is important NOT to completely surround the muscle with embedding medium. It is also important to maintain the vertical orientation for subsequent determination of the cross-sectional area. 5. Dip the chuck with the attached muscle into the isopentane bath (the usual freezing time is 7 -15 sec, depending on the specimen size and composition). NOTE: Immersion in the freezing solution should not last more than is needed to completely freeze the specimen. Freezing too long will fracture the tissue block, while too short a time will cause ice crystal formation. A well-frozen specimen will be chalky white. 6. After freezing the specimen, place it into a small plastic bag or specimen tube (50 ml) and immediately store it in a deep freezer at -80 °C or in liquid nitrogen.
Analysis of the Raw Data
1. In order to control for variations in size of the mice, normalize the final body weight (FBW); tumor-free body weight; and carcass, organ, and tissue weight (expressed in grams) according to the initial body weight (IBW), and express them as "weight/100 mg IBW". NOTE: Alternatively, some investigators normalize the muscle mass to the tibia length. 2. Use a software for data analysis. Find the mean and SD of the normalized weights. Perform statistical analysis with unpaired Student's t-tests between controls and C26-bearing mice. NOTE: Results can be presented relative to body (IBW and tumor-free FBW), tumor, organ, and tissue weights. 
Muscle Sectioning

Evaluation of Myofiber Size by Laminin Immunofluorescence (Alternative 1)
NOTE: For the evaluation of muscle morphology and cross-sectional area (CSA), hematoxylin and eosin (H&E)-as well as immunofluorescence (IF)-based staining methods are accepted systems to determine fiber size 19 . Although the H&E staining of muscle sections represents a valuable and convenient method for the analysis of morphology, the use of an IF approach 14 is significantly faster and modestly more accurate than the H&E-based method. H&E methods are described below.
1. Remove tissue sections from either the cryostat or the -80 °C storage and allow them to equilibrate to room temperature (approximately 5 -10 min). NOTE: In order to avoid non-specific interactions associated with primary antibodies raised in mice, it is advisable to either use antibodies raised in another species or to make use of commercially available "mouse-on-mouse" immunodetection kits. 2. Immerse the sections in pre-cooled methanol (-20 °C) for 10 min. 3. Wash the sections in room temperature 1x PBS for 5 min. 4. Remove the PBS and use a pen for immunohistochemical applications to encircle the sections on the slide. Do NOT let sections completely dry at any point. 5. Apply a suitable blocking buffer (5 -8% FBS in PBS or 5% goat serum in PBS) onto the sections for 1 hr at RT. 6. Remove the blocking buffer. 7. Apply either a rabbit anti-laminin (1:30) or a mouse anti-dystrophin (1:30) primary antibody in blocking buffer to the sections for 2 hr at RT (or overnight at 4 °C) in a humid chamber. 8. Wash the sections with 1x PBS for 5 min. 9. Remove the wash buffer and wash sections again in 1x PBS for 5 min. 10. Remove the wash buffer and apply a proper fluorescent secondary antibody (1:1,000 in blocking buffer) to the sections in a humid chamber for 1 hr at RT. 11. Remove the secondary antibody and wash the sections with 1x PBS for 5 min. 12. Remove the wash buffer and repeat the wash with 1x PBS for 5 min. Remove the wash buffer and cover the sections with a cover glass using an aqueous-based medium. When done correctly, there should be a yellow line overlaid on the scale bar. 21. Making sure that the yellow line is still overlaid on the scale bar, select the "Analyze" tab from the ImageJ toolbar by clicking it once. 22. In the "Analyze" tab, move the cursor down and select "set scale" by clicking it once. 23. In the "Set scale" window, DO NOT change the value in the "Distance in pixels" box. Enter the known distance of the scale bar in the "Known distance" box. Change the units in the "Unit of length" box to correspond with the scale bar units (i.e., micrometers = µm). Finally, select "global" by clicking the box to the left of "Global" once. 24. Close the "Set scale" window. 25 . Open the first image to be measured by pressing the "O" button on the keyboard. Observe a window pop-up that allows the user to find and select the image to be measured from the folder it has been saved in. Select the image by clicking on it once and then clicking "Open." 26. Once opened, a window should appear for the selection of the acceptable range for CSA measurements and for circularity.
NOTE: These settings are usually left to their default values. However, if one wishes to change these settings, be sure to keep the values the same for each consecutive image to be measured in the experiment. 27. After setting the CSA range and circularity, observe the image covered in red pixels with a "Threshold" window. Adjust the threshold of the image using the bars in the "Threshold" window until the muscle fibers are accurately filled in with red pixels. NOTE: Attempt to obtain the greatest number of fibers that are not touching one another; if fibers are touching, they will be measured as one large fiber, which will need to be edited downstream. 28. After setting the threshold, press the "1" button on the keyboard to measure the muscle fibers. 29. Circle the individual muscle fibers with a yellow line. Move through the image and remove artifacts or double fibers that have been selected by the program. To do this, select the structures that are not fibers by clicking them once, and then press the "D" button on the keyboard. This will delete them from the measurements. 30. Select and copy the measurements from the "Measurement value window," and paste them into a spreadsheet for further analysis.
NOTE: The values obtained can also be used to assess the fiber distribution analysis, which generally represents a useful parameter to determine whether tumor growth promotes a shift towards smaller muscle fibers. 31. Close all of the open windows in ImageJ by clicking the "X" in the top-left corner of the windows.
Data Collection and Analysis
1. In order to establish muscle fiber size, assess the average fiber "area." Calculate means and SD for the measurements obtained for each muscle, including both the area and Feret's diameter. In addition, in order to evaluate whether the experimental setting is associated with a shift towards either smaller or larger muscle fibers, analyze the "fiber distribution." 2. Evaluate the significance of the result by performing an unpaired T-test for two groups. Determine the ratios between the values obtained for the C26 mice group and for the control group. Plot the values on a graph reporting the means SD and the frequency distribution/histogram aimed at demonstrating the shift in fiber sizes.
Representative Results
C26 tumor growth kinetics show a lag phase for the first 7 -8 d after injection, followed by exponential cell growth (4 -5 d). The tumor mass eventually reaches ~10% of the body weight (about 2 g; Figure 1A -B). During the first phase, the tumor can be located by palpation only and appears as a small protrusion of the skin. In the second phase, the tumor is observed as a mass under the skin. Rarely, the tumor becomes ulcerated, resulting in an open wound; in this case, the mouse is excluded from the experimental group and is humanely euthanized.
Body weight is unchanged in the first phase, but it is significantly reduced in the second phase, when it reaches 10 -15% of the initial body weight (30% in the case of tumor-free weight; Figure 1A ). Tumor-bearing mice appear wasted and showed disheveled fur at the end of the experimental period, with a body condition (BC) score equal to 1 18 ( Figure 1C ). BC1 represents a severely emaciated mouse, where skeletal structures are evident and the vertebrae are distinctly segmented. Body weight loss is mainly accounted for by both skeletal muscle and fat tissue wasting ( Figure 1B) . Body weight loss is consistent with a reduction of about 20 -30% in skeletal muscle weight, in particular in the gastrocnemius, tibialis anterior, and quadriceps (Figure 2) . The cardiac muscle is also significantly reduced in weight, although to a lesser extent when compared to the other skeletal muscles (Figure 2) . Interestingly, hepatomegaly (+16%, p < 0.01) and splenomegaly (+110%, p < 0.01) are generally detected in tumor hosts, while fat mass, similar to skeletal muscle, is severely depleted (-70%, p < 0.001; Figure 3 ).
Skeletal muscle weight loss is also consistent with and proportional to the reduction in muscle fiber size, as observed after morphometric evaluation of muscle fiber CSA by means of an IF method (Figure 4A-B) . In particular, the frequency distribution analysis showed a shift towards smaller-size fibers in C26-bearing mice, thus suggesting that the whole muscle undergoes atrophy in the presence of a C26 tumor ( Figure  4C) . Similar results can be observed by taking advantage of a traditional H&E-based methodology for the quantification of fiber size, although the magnitude of the change in muscle CSA associated with cancer growth is slightly different (38% versus control, p < 0.01 for the IF-based method; -18% versus control, p < 0.01 for the H&E-based method; Figure 5 ). The tibialis, gastrocnemius, quadriceps, and heart weights in control and C26 tumor-bearers are reported as the weight/100 mg IBW. The data are expressed as the mean SD. n = 6. Significance of the differences: **p < 0.01 and ***p < 0.001 versus the control group using Student's t-test. Cell Line Service NO Dorsal region Up to 22 
Discussion
Especially in its latest stages, colorectal cancer is associated with the development of cachexia, which is responsible for poorer outcomes and reductions in patient quality of life. Many studies have focused on the treatment of conditions secondary to cancer; however, despite many efforts in this direction, there is still no approved therapy for cancer cachexia 21 . Thus, it is imperative that animal models resemble the human pathology as closely as possible in order to maximize the translation of findings.
C26 tumor-bearing mice are a commonly used experimental model of cancer cachexia [22] [23] [24] . This model closely resembles the human disease, showing reductions in body, muscle, and fat mass, as well as muscle fiber atrophy and increased expression of inflammatory genes and ubiquitin ligases consistent with marked protein hypercatabolism 2, 5 . Despite this, a few disparities with data obtained in cancer patients have been reported 25, 26 . Indeed, some features of the model, including the non-physiologic growth environment (e.g., an ectopic tumor grown subcutaneously instead of orthotopically implanted in the GI tract), the relatively short experimental period compared to other models (e.g., genetic or orthotopic injection of tumors), the dependency on IL-6 action, and the necessary use of CD2F1 or Balb/c mice may represent severe limitations and could constrain the interpretation of results.
The current protocol has proven to be highly reproducible across many experiments performed in our laboratory, maintaining the same characteristics and allowing comparisons between results obtained at different times, in different geographic locations, and by different researchers 3, 10 . However, in order to promote the reproducibility of data, it is important to establish clear and common guidelines.
As gathered from the literature, several caveats might prevent the reproduction of the same data in two different laboratories. For the same reasons, the use of different protocols may generate different phenotypes and outcomes, as well as lead to conflicting and questionable results. Indeed, differences in performing this animal model have been reported, mainly resulting from the strain (Balb/c or CD2F1) 2, 5, [27] [28] [29] or sex of mice used 17 , the type of tumor that was implanted (a cell suspension 3, 29 rather than a solid tumor in a graft 2, 30 ), the tumor source (NCI, ATCC, or OSUMC), the number of C26 cells that were injected, and the site of injection or implantation (the flanks 6, 17, 31 or the dorsal region 3, 10, 32 ). No direct comparison of the effects associated with the implantation of C26 cell lines obtained from different sources (mainly OSUMC versus NCI) has ever been performed, thus preventing us from drawing any definitive conclusions. However, it is likely that the choice of the source of cells may also significantly influence the expected outcomes. When considering the choice of males versus females, investigators should be reminded of significant differences in the outcomes. Indeed, as reported by Cosper and Leinwand 17 , male tumor-bearing mice, due to the absence of estrogens, may show a more severe phenotype than females, including greater cardiac mass loss and mortality, a more robust pro-inflammatory response to the tumor, and greater cardiac autophagy.
Especially for those investigators that are not familiar with this model and may initially face problems, based on both a power analysis and our previous experience, the use of at least 6 animals per experimental condition (n = 6) is advisable in order to detect statistically significant differences. It is also critical that randomization is performed carefully, so that initial body weights in the experimental animals do not differ significantly among groups. Similarly, it is advised that, in order to avoid inter-operator variability, the same investigator perform the tissue and organ collection on every animal. Further, it is imperative that tissues (particularly muscle) are frozen as fast as possible in order to preserve the RNAs and enzymatic structure and activity, especially if the goal of the study is to assess gene expression or to evaluate enzymatic activities. Moreover, in the attempt to determine muscle CSA, we showed that reporting the fiber area is generally accepted and representative of muscle fiber size. Here, we present two distinct methods to assess muscle CSA. As shown in Figures 4-5 , both methods were able to detect a significant reduction in myofiber size between controls and tumor hosts, although the degree of wasting appeared different.
This discrepancy may result from the fact that, although both methods are acceptable ways to assess muscle fiber size, quantification of muscle characteristics from H&E-stained slides is still a manual or semi-automatic process, most often labor-intensive, time-consuming, and affected by limited accuracy. Based on our experience, we believe that the IF-based method is a more accurate technique to report muscle CSA. Indeed, the number of fibers that can be measured automatically by taking advantage of this technique is significantly larger, thus increasing the accuracy of the measurement. Of note, for both techniques, an alternative method of reporting muscle size is assessing the Feret's diameter. Interestingly, this is considered a very reliable tool due to the fact that this parameter is largely independent of the angle of sectioning. Other parameters, such as the "minimal inner diameter" and the "minimal outer diameter" are also insensitive to the plane of sectioning and can be used instead of the Feret's diameter as alternative indications of the fiber size.
In conclusion, although the cachexia community clearly needs to establish more physiological models for the study of tumor-associated muscle wasting, we believe that mice bearing the C26 colon carcinoma represent a well-standardized and easy-to-use model to investigate molecular alterations and physiological abnormalities usually detected after the occurrence of a tumor. Future applications will involve the investigation of whether orthotopic implantation of C26 cells into the colon might represent a proper and more physiological model of colorectal cancer cachexia.
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